I. INTRODUCTION
Electron Spin Resonance (ESR, also known as electron paramagnetic resonance, EPR) can be used to characterize the local environment of atoms, ions, and molecules that have unpaired electrons. This technique is quite sensitive and is widely applied to study many species including organic free radicals, triplet excited states of molecules, and transition metal species. Molecular "spin labels" have been developed so ESR can be used to probe biologically active enzymes and membranes. This method has also been used to probe defects in solids and species on catalytic surfaces. 1 In this experiment, you will use ESR to probe the local chemical environments of two Copper salts and aqueous solutions of a Manganese salt. The Cu salts will be CuSO 4 
and indicate which electron(s) are unpaired. Find the total spin (S), orbital angular momentum (L) and the total angular momentum (J) of the ion if the spectroscopic notation for the ion is
. You will also use the ESR signal from a free radical 1,1'-diphenyl-2-picryl-hydrazil (DPPH), to determine the limits of our instrument. The literature is filled with treatises on ESR, sections of Melissinos & Napolitano as well as the books on the topic on reserve for this course. Here we will give a brief overview of the critical ideas. More details of the quantum mechanics behind this experiment are available from the instructors.
Look up the chemical structure of this molecule (it is in Melissinos & Napolitano), draw it in your notebook with all atoms clearly identified, and mark the location of the unpaired electron(s). For the atom(s) containing the unpaired electron, show the complete electron configuration including which electrons are involved in bonding and which are unpaired.
First consider at isolated electron. In the absence of a magnetic field, the energy of the electron is independent of the direction of the spin. In the presence of a magnetic field, the twofold spin energy degeneracy is broken. The energy of the electron, E, is classically Suppose we had a collection of isolated electrons and shined a beam of photons on them. We placed them in a magnetic field and varied the field until the splitting between the up and down spin states was equal to the photon energy ( ν h ), i.e.,
(3) Photons would be absorbed and electrons would be promoted from the low energy to the high energy spin state. Our ESR spectrometer will perform this tuning of the magnetic field and then detecting the "resonance" or absorption of the photons into the spin system. You will find that for a fixed photon frequency of ~9GHz, resonance occurs at ~3.5kG. Before proceeding, use the Boltzmann factor to calculate the relative population of the two spin states just due to thermal excitations at room temperature. Surprised that the experiment will even work? We better keep the flux of photons low enough that we do not "saturate" the transition. (Cf. Sec. 7.3.1 Melissinos & Napolitano).
For an atom, orbital angular momentum may also contribute to the total angular momentum of the unpaired electron. If this is the case in an ESR experiment, transitions are made between energy levels determined by the total angular momentum, J, and not just the spin. In our ESR experiments in Cu +2 and Mn +2 we will see that we do not have to consider orbital angular momentum contributions for two very different reasons.
We will be probing unpaired electrons in very crowded environments, with lots of electrons and protons around to impose magnetic fields on the unpaired electron beyond the externally applied field. In fact, ESR is used to characterize these environments. First, consider the magnetic field due to other unpaired electrons in the vicinity of the unpaired electron being probed. Calculate the rough magnitude of the magnetic field arising from the magnetic dipole of an electron on a neighboring molecule ~2Ǻ away (the rough distance between atoms in a liquid or solid). How does this field vary with distance? Since ESR is a sensitive measurement of the resonant field, this is an easily measured shift in the resonance. Since the shift will depend on the details of the electron distribution from other atoms around the unpaired electron, the magnitude of the resonance shift is a good means of characterizing the local chemical (i.e. electronic) environment of the unpaired electron. Next, consider the field at the electron arising from a nuclear magnetic moments of the same atom. Calculate the rough magnitude of the magnetic field arising from a proton in nucleus the atom ~1Ǻ away from the unpaired electron. Perhaps this does not appear to be such a big field, but the effect is very striking. This field creates "hyperfine" splitting of the ESR absorption lines.
The ESR line is not infinitely narrow. There are several origins for broadening of the line. The electronic environment of the unpaired electrons may be inhomogeneous, causing different electrons in the sample to resonate at different frequencies. Other effects are best understood from the fact that the linewidth (measured in frequency at fixed applied field) is inversely related to the lifetime of the state. Thus, any coupling that allows energy from an excited unpaired spin to flow to anything in its environment will decrease its lifetime and therefore increase the ESR linewidth. This is called a T 1 effect. In addition, the coupling among the unpaired electrons on identical atoms increases the effective linewidth from the ensemble of spins. This is called a T 2 , or spin-spin, relaxation. The topic of linewidth and lineshapes is theoretically intricate, but for the purposes of this lab, we will test whether the ESR line has a
where 0 ν is the central frequency of the line and
is the half width at half maximum of the ESR line. In our experiment, we will measure the ESR line at fixed frequency and varying applied magnetic field so we will need to do a transformation to obtain T 2 from the measured linewidth. In your notebook, assuming equation (3) 
II. THE INSTRUMENT
The ESR instrument must apply a uniform magnetic field to the sample, send photons of known frequency at the sample, and detect absorption of the photons by the sample. A block diagram of the instrument is shown in Figure 1 . Once again, you can find descriptions of ESR instruments in many of the sources available on reserve. Pictures of our apparatus and detailed instructions for using it are found in the Appendix: Basic Operating Instructions.
The magnet has a large pole face so the field on the sample is uniform. There are also coils on either side of the sample that will apply a small sinusoidal field to the sample to allow us to use "phase sensitive" detection. Inside the box to the left of the magnet is the klystron which generates a beam of microwave photons. The klystron can only generate photons over a relative narrow band of frequencies. The square tubing that leads from the klystron to the center of the magnet is a waveguide that directs the photon beam from the klystron to the sample. To understand how a waveguide works, think of the photon beam as a propagating electromagnetic wave moving down a tube where the high conductivity walls of the tube require the electric fields of the wave to have a specific configuration. As stated earlier, the frequency of our microwave beam will be about 9GHz. What is its wavelength? How does that compare to the dimensions of the waveguide? At the end of the waveguide is a cavity with the sample placed inside. The cavity is designed to so that the highest possible field is located at the location of the sample (the high conductivity of the walls place boundary conditions on the fields and cause specific field configurations). There is an attenuator at the entrance of the cavity to make sure the beam is not so intense the ESR transition saturates. A detector measures the intensity of the microwave field in the cavity. If the unpaired electrons in the sample are not absorbing energy, the intensity is high; and if the electrons are in resonance with the field and absorbing photons, the intensity dips.
As mentioned, this instrument uses phase sensitive detection. As it slowly sweeps the main magnetic field across the resonance of the unpaired electrons, a much smaller magnetic field which is sinusoidally varying in time is applied to the sample as well. This causes the detector signal to be modulated at the same frequency (see To measure an ESR line, the instrument is fine tuned to make sure the microwave field is most intense at the sample and that the detector is not being saturated. (Look at the instructions in the appendix for details.) To do this, the Klystron is operated in such way that it modulates the frequency of its output over a small range. The magnetic field is held fixed at a value that will allow the sample to resonate somewhere within the range of the frequencies being generated by the klystron. An oscilloscope shows the frequency vs. the detector output. You see that the klystron output has a maximum at a certain frequency and can see a dip in the detector signal as you pass through the ESR line of the sample. You adjust the instrument so that when the klystron modulation is turned off, the resonance will occur at the maximum output power of the klystron. To perform this task, you must guess what magnetic field to set to see the resonance. Suppose this were a sample of free electrons and the klystron is built to put out the most power at 9.52GHz. What field would you use?
Finally you are ready to measure the ESR spectrum of the sample. The instrument is set so that the klystron output is fixed at the optimum frequency. The instrument slowly sweeps the magnetic field (far slower than the magnetic field modulation for the phase sensitive detection) through the ESR peak. Setting up a scan parameters takes some trial and error in order to make sure the instrument is not distorting the ESR line. One aspect of these procedures it to insure that you are not saturating the transition. If you are, then the signal actually increases if you decrease the microwave power on the sample.
Here are the physical meaning of some of the instrumental settings you will need to make and some suggestions for nominal values: Magnetic field: the center field during the slow sweep. You have already calculated an initial setting, but you may need to change this in the search of a signal from a given sample.
Note: It is not clear that this instrument actually measures the magnetic field. Probably, the maker of the instrument calibrates the field once and sets the dials. Drifts in these settings are remedied by having a "standard" material which can be used to calibrate the instrument. We have placed a Gauss meter probe just outside the cavity. This is not measuring the field at the sample but you will use the DPPH ESR signal (for which we know the g factor and therefore the resonance field) to calibrate the field measurement at the Gauss probe compared to the field at the sample. You will need to develop a clever method of using the Gauss meter output to determine the field during the slow sweep. Scan range: the range of the slow magnetic field scan. An initial choice of this setting must be broad enough to capture the ESR peak. 1000G is a good value. Scan time: how long it takes to scan this magnetic field range. An initial choice might be 2 minutes. Time constant: the cutoff on the low pass filter of the phase sensitive detector. An initial choice is 0.25(units unspecified but if you increase this number you decrease the rolloff frequency of your filter) Note: In choosing the 3 settings above, you must make sure the instrument can respond fast enough to the changes in detector signal. The range and scan time set the rate of change of the signal while the time constant tells how fast the instrument can respond. You must always insure the ESR line is not distorted by inappropriate values of these parameters before accepting a scan. Perhaps the easiest procedure is to make the scan take more time and see if it remains unchanged. Modulation frequency: the frequency of the magnetic field modulation for the phase sensitive detection. You might leave this at 100kHz. Modulation amplitude: the size the magnetic field modulation for the phase sensitive detection. This amplitude must remain small compared to the characteristic changes in the ESR signal of the sample or the derivative spectrum you get will be distorted. A starting value of 0.63 x 10 G (i.e. 0.63 on the x10 scale) is good, but you always need to reduce it and show there is no change on a spectrum before you accept the experimental results. Receiver gain: the gain on the receiver detector. Try to keep this at the normal value of 2.0 x 10.
III. THE EXPERIMENT
To begin, measure the ESR signal from the CuSO 4 samples. Collect spectra until you are satisfied that the spectra are true representations of the ESR signal and not distorted by any instrumental settings. Are the local chemical environments of the Cu +2 ion the same in the anhydrous and hydrated forms? What is your answer suggesting about the crystal structure of these two materials? It turns out that in these materials the crystal field, the electric field imposed on the unpaired electron by the neighboring atoms, is so strong that it "quenches" the orbital angular momentum so that it makes no significant contribution to the total angular momentum. Then the quantum number S j m m = and we may use equation (3) to calculate and effective g for the Cu +2 in each of the lattice locations for the anhydrous and hydrated compounds. Find these effective g factors. If the derivative spectrum does not yield a satisfactory results, integrate the signal numerically (try a simple rectangular rule of integration in Excel) and find the g factor from the integrated peak maximum. Discuss with the instructor possible methods of mitigating the impact of the baseline drift in the derivative spectra. Now measure the ESR spectrum of the DPPH. This organic free radical is used to calibrate an ESR instrument. Measure its ESR spectrum, again making sure that the spectrum is free of instrumental distortion. Extract the g value with uncertainties from the data. Use the accepted value 2.0036±0.0001 (see Melissinos & Napolitano p292) to calibrate your Gauss meter measurements assuming only a multiplicative factor is needed. Now assume that the lineshape is Lorentzian. How should the maximum and minimum in the derivative spectrum be related to the half width and half maximum of the ESR line? What is the line width of your measured ESR line for DPPH, measured in Gauss. The known value is 2.9G for the full width at half maximum (Melinssinos 1966 edition p386). Has the instrument broadened the line? This measurement will tell us the minimum linewidth we can measure with this instrument. Try to numerically integrate your signal; and then fit it to see if it is a Lorentzian. Now measure the ESR spectrum of MnCl 2 powder and its aqueous solutions at greater and greater dilutions. Work very hard to keep the instrument tuned so your baselines (seen most clearly in integrated spectra) are as flat as you can get them. As the dilution increases, the hyperfine splitting of the ESR resonance is revealed. First look at the hyperfine splitting. The electronic ground state of the Mn +2 ion is , indicating a total spin of 5/2, zero orbital angular momentum and therefore the total angular momentum equal to the spin, . The nuclear spin is I=5/2. Therefore both and m can take on values between +5/2 and -5/2. In the case of ESR measurements of Mn +2 , the coupling of the external applied magnetic field to the electron spin is so strong that the coupling between the nuclear and electron spins, normally found in hyperfine splitting, is not present. This is the "Paschen-Back" limit. In this limit, the energy levels of the Mn +2 appear as in concentration? How? Does this suggest that the change is a T 1 or T 2 effect? Now do more precise fitting of the spectra. This is tricky because the spectra have instrumental effects which cannot so easily be modeled. Talk with the instructor and try various ways of fitting the spectra. You may have to make some assumptions about the functional form of the baseline. It is unlikely that you can fit all 18 parameters of the 6 Lorentzians independently. What simplifying assumptions might be reasonable to make? Find a value for A. Now make a plot of how the peak widths vary with average distance between the ions in solution. You can see that broadening makes the hyperfine splitting become undetectable at higher concentrations. Does the broadening die out at some average inter-ion distance? In the regime where the broadening is varying, does it depend on inter-ion distance in some easily describable way (try semilog or log/log plots)? What might cause this broadening? 10. Turn the MODE switch to OPERATE, and observe the reading on the AFC OUTPUT meter, to the left of the MODE switch. 11. Fine-tune the FREQUENCY until the AFC OUTPUT meter reads zero. 12. To avoid damage to the detector, the DETECTOR CURRENT must be kept below 300 microamps. Watch the reading on the DETECTOR CURRENT meter, to the left of the MODE switch, while slowly reducing the ATTENUATION/POWER dial toward 10dB. Stop when the current reaches 300 microamps, or when the attenuation reaches 10dB, whichever comes first. 13. Again fine-tune the FREQUENCY to keep the AFC OUTPUT at zero. 
II. Taking a spectrum
1. Place a piece of chart recorder paper on the chart recorder, and position the paper so that the center is aligned with the red arrow on the top of the chart recorder. 2. Remove the cap from the chart recorder pen, and attach the pen to the left side of the recorder bar (magnetically attaches).
3. Turn the chart recorder ON, and do a "dry run" with the pen in the UP position. This will allow you to set magnetic field, field sweep, and the gain appropriately. Press the NORMAL right arrow button to begin the sweep. You can adjust the settings in real time, to set the desired gain. (See next page for typical settings).
CAUTION! Before removing or changing samples, increase the ATTENUATION dial to 30dB, and turn the MODE switch to STANDBY.
III. Recording an EPR Spectrum with the Tektronix TDS 3032B Digital Oscilloscope
The chart recorder on the EPR spectrometer will make a permanent hard copy of an EPR spectrum. But the format is not particularly convenient, for the purposes of writing a paper or giving a talk about your work. You can record an EPR spectrum digitally, using a Tektronix TDS 3032B Digital Oscilloscope, and then transfer the data to a computer, over the Internet.
Appendix: How Does the Phase Sensitive Detection Work?
First let's explore how a phase sensitive detector or lock-in amplifier works to pick a signal out of noise. You build your experiment so the quantity you want to measure varies sinusoidally with time at some frequency you choose 
